Ten ejaculates were used to test effects of slow (37.0 rain), moderate (7.8 rain) or fast (4.2 min) freezing from +5 to -120 C on post-thaw survival of sperm. Semen was extended at 37 C in Tris-yolk-glycerol, packaged in. 3-ml Continental straws at ambient temperature, frozen at one of the three rates and thawed in 95 C water for 7 seconds. For combined post-thaw incubations of O, 3 and 6 hr at 37 C, acrosomal retention and progressive spermatozoal motility were not significantly different among straws frozen at the three rates.
cooling time and thawing method were significant (P<.01). Acrosomal retention and motility of sperm were maximal (P<.O1) after 9 hr of equilibration when straws were thawed at 35 C; or after 3 or 9 hr when thawed at 65 or 95 C. (Key Words: Bovine Semen, Cooling, Equilibration, Freezing, Thawing.)
INTRODUCTION
Because of the increased use of plastic straws in the artificial insemination industry, it seemed vital that re-examination of laboratory procedures developed to permit freezing of bovine semen in glass ampules be examined for suitability for semen frozen in straws. Processing methods for semen frozen in straws in skim milk (Wiggin and Almquist, 1975a,b) and egg yolk-citrate (Robbins et al., 1976) extenders have been evaluated, but Tris-yolk-glycerol has not been studied. Gebauer et al. (1970) found that spermatozoa in some Tris-buffered extenders required cooling times of 1 hr rather than 4 hr to obtain maximum post-thaw motility. For semen packaged in ampules, there was no loss in spermatozoal motility (Benson et al., 1968) or fertility (Foote, 1970) when glycerol was included initially in a complete Tris-yolk-glycerol extender or when it was added slowly after cooling partially extended semen to 5 C. The use of a complete Tris-yolk-glycerol extender would save time and labor by reducing the number of manipulations necessary to prepare semen for freezing and by permitting filling and sealing of straws at room temperature rather than at 5 C.
We studied the effects of cooling time, equilibration time, freezing rate and thawing method on post-thaw acrosomal retention and spermatozoal motility in Tris-yolk-glycerol extended semen packaged in plastic straws at room temperature. Semen was diluted all-at-once at 37 C with an extender containing .2 M Tris (hydroxymethyl-aminomethane), 65 mM citric acid monohydrate, 55 mM fructose, 20% egg yolk v/v), 6% glycerol (v/v), 1 mg/ml streptomycin and 1,000 units/ml penicillin to provide 67 x 106 progressively motile spermatozoa per milliliter. Diluted semen was cooled from 37 to 27 C in 20 min at ambient temperature (22 to 24 C) and then packaged into .3-ml Continental U.S. straws. Since glycerol levels of >5% have been found to cause abnormal or circular motility of sperm when included in a complete skim ~ milk extender (Almquist and Wickersham, 1962) , the percentage of progressively motile spermatozoa was determined 1 to 4 min after dilution and 45 to 90 min later (after the semen was packaged in straws). The filled straws were placed on 18 x 11 • 2.5 cm cardboard trays inside a covered 39 x 39 x 9.5 cm cardboard box and transferred to a 5 C refrigerator where the semen cooled from 25 to 5 C in 1 hour. Straws then were inserted into 10 • 60 mm plastic goblets, clipped onto metal canes and equilibrated for 3 to 5 hours. The order in which the slow, moderate and fast freezing treatments were performed was rotated on successive days (1 ejaculate frozen/day) to equalize the effect of variation in equilibration time. Each freezing consisted of 96 canes (1,920 straws in 384 goblets) frozen vertically in a Linde BF-3-2 automatic, forced vapor freezer. Freezing rates (table 1) were regulated from +5 to -120 C and then canes were plunged into liquid nitrogen for storage at -196 C.
After storage for 11 to 15 days, 15 straws per treatment were thawed by immersion in 95 C water for 7 sec and the semen was pooled in a coded 4-ml screw-cap vial held at 37 C. At O, 3 and 6 hr of incubation, duplicate 10 /A subsamples were removed from each vial and evaluated independently by two observers. The percentage of motile spermatozoa at 37 C was estimated using a phase contrast microscope. The same unfixed preparations on the same aMeans (+-SE) for 10 freezes. Cooling rates were measured with a Leeds and Northrup Speedomax G, dualpen recording potentiometer. Response time from +5 to -120 C was 580 msec using a copper-constantan thermocouple contained within a 22 gauge needle positioned in the center of a straw at a depth of 33 millimeters.
slide were used to make counts of 100 spermatozoa to determine the percentage of intact acrosomes (noted by the presence of the apical ridge; Saacke and White, 1972) at a magnification of 1,250x using a Leitz differential interference contrast microscope.
Experiment 2. A 2 x 3 x 3 factorial experiment was used to test the effects of cooling time (.5 or 3.5 hr), equilibration time (storage at 5 C for 0, 3 or 9 hr before freezing) and thawing method (plunging straws into a water bath at either 35 C for 10.0 sec, 65 C for 7.5 sec or 95 C for 6.0 sec) on motility and acrosomal retention of spermatozoa in a complete Tris-yolk-glycerol extender. Ten ejaculates, one each from five Holstein and five Charolais bulls, with a mean initial motility of 65% and a mean spermatozoal concentration of 1,919 x 106 per milliliter were used. Pooling of two ejaculates was necessary for four of the 10 bulls to provide sufficient numbers of spermatozoa for the 18 treatments.
Semen was diluted at 35 C to provide 45 x 106 progressively motile spermatozoa per milliliter. After cooling to 25 -+ 1 C in 15 rain by placing the 250 ml flask into a 23 C water bath, the semen was packaged in .3-ml Continental U.S. straws at ambient temperature. Progressive motility was evaluated after dilution and packaging as in Experiment 1. Filled straws were inserted into goblets, clipped onto metal canes and placed into either a 39 x 39 x 9.5 cm cardboard box (.5 hr cooling time) or into a stoppered 500 ml graduated cylinder (3.5 hr cooling time) which was partially submerged in 3,650 ml of 25 C water in an 8,000 ml Nalgene cylinder. The box and cylinder were placed into a 5 C refrigerator; cooling of the packaged semen from 25 to 5 C was monitored by a Honeywell recording potentiometer (Model 153 x 64 P8-X-41) using a 30-gauge cooper constantan thermocouple positioned in the center of a straw. After equilibration, the semen was frozen at the moderate rate (table 1) used in Experiment 1 and stored in liquid nitrogen for 14 to 28 days.
Fifteen straws per treatment combination were thawed in a water bath at the desired temperature and semen was pooled in an 8-ml screw-cap vial from which 3 ml were pipetted into a coded 4-ml screw-cap vial held at 37 C. At O, 3, 6 and 9 hr of incubation, semen was evaluated as in Experiment 1. Evaluations of progressively motile spermatozoa and intact acrosomes were done by an observer who did not know the identity of the treatment being evaluated.
Data for Experiments 1 and 2 were subjected to analysis of variance (Steel and Torrie, 1960) . Bulls were considered as a random variable and other factors were treated as fixed effects. Significant differences among means were determined with Duncan's New Multiple Range Test.
R ESU LTS
Percentages of intact acrosomes and progressively motile spermatozoa did not vary signifi- In Experiment 2, mean percentages of intact acrosomes (table 3) and progressively motile spermatozoa (table 4) varied (P<.O1) between < cooling times and among equilibration times, z thawing methods, bulls and incubation periods 9 e~ Interactions of cooling time • equilibration time and equilibration time • thawing method were found (P<.OI) for both acrosomal retention and spermatozoal motility, z When combined across all other treatments, cooling semen in 3.5 hr resulted in higher :z: (P<.O1) percentages of intact acrosomes and motility than cooling in .5 hour. Intact acroz somes averaged 70 and 64% and motility averaged 40 and 37% for 3.5 and .5 hr of ~. cooling, respectively. Z Equilibration for 3 or 9 hr resulted in higher (P<.O1) percentages of retained acrosomes and ,~ spermatozoal motility than no equilibration, but the values did not differ (P>.05) for 3 or 9 hr of equilibration. Intact acrosomes averaged 55, 71 and 74% for O, 3 and 9 hr of m equilibration. When compared after 6 and 9 hr of post-thaw incubation, however, equilibration for 9 hr provided higher (P<.O1) acrosomal
We. retention than equilibration for 3 hours.
.~ Thawing at 65 C for 7.5 sec or 95 C for 6.0 sec provided superior (P<.O1) acrosomal reten-~, tion and spermatozoal motility than thawing at ~) 35 C for 10.0 sec; retained acrosomes and ~w motility were similar for the 65 and 95 C thawing methods. Intact acrosomes averaged 58, 71 and 71% and motility averaged 32, 42 and 42% for 35, 65 and 95 C thawing methods, respectively.
The superior result associated with longer cooling time was related to length of the equilibration interval. For straws frozen immediately after cooling to 5 C (0 hr equilibration) spermatozoa had higher (P<.O1) percentages of intact acrosomes and motility when preceded by 3.5 hr of cooling than by .5 hr of cooling , for motility) 9 However, when semen was equilibrated for 3 hr, there was no difference in intact acrosomes or motility between cooling times. After 9 hr of equilibration, acrosomal retention was higher (P<.05) when semen was cooled to 3.5 hr rather than .5 hr; motility did not differ significantly. For spermatozoa in straws thawed at 35 C, percentages of intact acrosomes and motility increased (P<.O1)when equilibration time was increased from 0 to 9 hours 9 However, for spermatozoa thawed at 65 or 95 C, percentages of intact acrosomes and motility were higher (P<.O1) when equilibration time was 3 or 9 rather than 0 hr, but results for 3 or 9 hr of equilibration did not differ (P>.05) from each other.
Abnormal spermatozoan motility (circular rather than progressive) was not observed after dilution or packaging in either Experiment 1 or 2, possibly because the extender contained only 6% glycerol 9
Discussion
The finding that spermatozoa extended in Tris-yolk-glycerol and packaged in straws can withstand wide variations in freezing rates is consistent with earlier reports for semen diluted in skim milk (Almquist and Wiggin, 1973) or egg yolk-citrate extenders (Robbins et al., 1973) . However, Rodriguez et al. (1975) found that fast (3.5 min) freezing from +5 to -130 C of .25-ml straws containing semen diluted in egg yolk-citrate resulted in greater post-thaw motility than moderate (20 min; P<.O1)or slow (37.8 min; P<.O1) freezing rates in one of two studies 9 Based on post-thaw motility, they concluded that slow freezing rates should be avoided for spermatozoa packaged in straws. In the present study, involving Tris-yolk-glycerol extender and a range of freezing rates similar to those used by Rodriguez et al. (1975) , there was no significant difference in either spermatozoal motility or aerosomal retention due to the three different freezing rates, when averaged across incubation periods. Based on individual incubation periods, however, slow freezing rates resulted in lower (P<.O1) spermatozoal motility than moderate or fast freezing rates only at 3 hr of incubation 9 Differences at 6 hr of incubation were nonsignificant. Acrosomal retention was similar regardless of freezing rate or post-thaw incubation period 9 Thus, spermatozoa extended in a single step using complete Tris-yolk-glycerol and packaged at ambient temperature in straws can withstand a range of freezing rates (4.2 to 37.0 min from +5 to -120 C) without an appreciable, harmful effect on acrosomal retention and only a slight reduction in motility with slow freezing (37.0 min).
The interactions of cooling time • equilibration time and equilibration time • thawing method are of greater importance than the separate effects of the three variables for establishing optimal methods of processing straws at room temperature with a complete Tris-yolk-glycerol extender. Slow cooling was imperative when semen was not equilibrated at 5 C before freezing; lengthening cooling time from .5 to 3.5 hr increased mean acrosomal retention from 48 to 61% and motility from 27 to 35%. llowever, maximal spermatozoan motility and acrosomal retention was attained only when semen was equilibrated for 3 or 9 hours. Therefore, some equilibration is desirable regardless of cooling time. When semen was equilibrated at 5 C for 3 or 9 hr, differences in acrosomal retention and motility of sperm due to cooling time were negligible with one exception. For 9 hr of equilibration, 3.5 hr of cooling provided higher (P<.05) acrosomal retention than .5 hr of cooling. These results generally agree with the findings of Ennen et al. (1976) that semen cooled rapidly (.5 hr) required longer glycerol equilibration time at 5 C than semen cooled slowly (2 or 4 hr). They found an interaction (P<.05) between cooling time and equilibration and reported highest post-thaw motility in samples cooled to 5 C in 4 hr and equilibrated for either 2 or 4 hr before freezing.
Using milk extenders, Wiggin and Almquist (1975b) found a significant interaction between glycerol equilibration time and thawing rate for acrosomal retention but not motility of sperm. Decreasing glycerol equilibration time from 2 hr to .5 hr was not detrimental to acrosomal retention provided the semen was thawed very rapidly (95 C for 7 sec). In the significant interaction of equilibration time • thawing method, equilibration times of 3 and 9 hr, but not 0 hr, resulted in similar acrosomal retention and motility only when straws were thawed at 65 or 95 C rather than 35 C.
The results of the present study do not agree with those of Gebauer et al. (1970) who found a higher percentage of motile spermatozoa after semen extended in Tris combined with a variety of phospholipids was cooled from 32 to 5 C in 1 hr rather than 4 hours. The opposite was true when Tris was combined with Minn-Go extender to form Tris-Go extender. These authors stated that the significant interaction of cooling time • extender was due to differences in extender composition. Apparently spermatozoa in some Tris-buffered extenders require cooling times of 1 hr rather than 4 hr to obtain maximum spermatozoal survival. Foote (1970) demonstrated that the length of glycerol exposure during equilibration did not influence spermatozoal motility or fertility, but that the length of exposure to cold (5 C) before freezing was important. In the present study, acrosomal retention was 25% higher and motility was 27% higher when semen was frozen after 3 or 9 hr of equilibration at 5 C rather than immediately after cooling to 5 C (no equilibration). However, we did not study the separate effects of 5 C incubation and equilibration of sperm.
Differences in acrosomal retention and spermatozoal motility associated with thawing methods are consistent with data reviewed by Pickett and Berndtson (1974) . Aamdal and Anderson (1968) reported higher percentages of unstained (live) spermatozoa when straws were thawed at 75 C for 12 sec rather than 35 C for 12 seconds. Almquist and Wiggin (1973) found that thawing at 75 or 95 C was less detrimental to spermatozoal motility than thawing at 35 C~ thawing straws at 35, 75 and 95 C provided significantly higher motility than thawing at 5 C. Wiggin and Almquist (1975a) found a significant increase in the percentage of intact acrosomes for each increase in thawing bath temperature (35, 55, 75 and 95 C). Rodriquez et al. (1975) reported that post-thaw motility improved as the temperature of the thawing bath was raised from 5 to 55 C, but further increases to 90 C did not enhance motility. In the present study, acrosomal retention and motility of sperm were higher when the thawing bath temperature was 65 C rather than 35 C, but results were not different after thawing at 65 or 95 C. Rapid thawing is necessary to obtain maximum spermatozoal survival after freezing in straws, but just how rapidly straws must be thawed is uncertain. Optimum thawing rate is dependent upon glycerol concentration (Robbins et al., 1976) and equilibration time (tables 3 and 4). Other factors not yet studied in detail, such as straw size and type of extender, also may be impor-tant.
For semen frozen in ampules, Foote (1970) reported no significant difference in fertility when glycerol was included initially in Trisyolk-glycerol extender or when glycerol was added slowly after cooling Tris-yolk extended semen to 5 C. Kupferschmied (1976) found no significant difference in nonreturn rates when semen was extended completely in Tris-yolkglycerol at 32 C and packaged in .25-mi French straws at room temperature or when semen was partially diluted in Tris-yolk at 32 C and cooled to 5 C before it was glycerolated and packaged. 9 Nev.ertheless, based on a 1.94 percentage point difference in nonreturn rates in favor of glycerolization at 5 C, he concluded that processing straws with Tris extender should be done at 5 C. Additional fertility data are needed to compare different glycerolization and packaging regimens for semen diluted in Tris-yolk extenders and packaged in straws.
Considering the whole processing sequence for semen diluted with a complete extender and packaged in straws at ambient temperature, post-thaw acrosomal retention and spermatozoal motility were maximal when semen was cooled from 25 to 5 C in 3.5 hr, equilibrated at 5 C either 3 or 9 hr and thawed at 65 C for 7.5 sec or 95 C for 6.0 seconds. Although highest spermatozoal survival was obtained with thawing bath temperatures of 65 and 95 C, these temperatures cannot be recommended for routine field use because of the danger of overheating spermatozoa if the thawing time is not rigidly controlled. When straws were thawed at 35 C, where there is no danger of overheating the spermatozoa, acrosomal retention and motility of sperm were maximal after 9 hr of equilibration. Equilibration >9 hr, in conjunction with 35 C thawing, might provide spermatozoal motility and acrosomal retention equal to that obtained with shorter equilibration and more rapid thawing (65 and 95 C). We conclude th~tt Tris-yolk-glycerol extended semen should be equilibrated for 9 hr when thawing is to be done at 35 C. The savings in time for semen processing with equilibration periods <9 hr cannot be utilized until practical procedures are developed for thawing spermatozoa safely at temperatures above 35 C.
